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Introduction

Abstract

Objective: Examining the size and reactivity of the pupils of traumatic brain
injury coma patients is fundamental in the Neuro-intensive care unit (ICU).
Pupil parameters on admission predict long-term clinical outcomes. However,
little is known about the dynamics of pupillary parameters and their potential
value for outcome prediction. Methods: This study applied a time-course analy-
sis of pupillary signals (size and photo-reactivity) in acute traumatic brain
injury coma patients (n = 20) to predict outcome at 6 months. Results: The
time course of pupillary signals was informative in discriminating favorable (F)
versus unfavorable (U) outcomes, with the highest correlation within the 1st
week notwithstanding pharmacological sedation. Patients with favorable out-
come at 6 months showed more consistent in time isochoric and photo-reactive
pupils. In contrast, patients with an unfavorable outcome showed more variable
measures that tended to stabilize toward pathological values. Interpretation:
Time-dependent tracking of pupils’ size and reactivity is a promising applica-
tion for ICU monitoring and long-term prognosis. These findings support the
usefulness of automatic tools for the dynamic, quantitative, and objective mea-
surements of pupils.

The predictive scores commonly used in clinical prac-
tice measure pupils at a single time point (i.e., on

The pupillary exam is a fundamental part of the neuro-
logical evaluation of traumatic brain injury (TBI) coma
patients. It represents the bedrock of the clinical evalua-
tion of the integrity of the brainstem and arousal
centers.'

Pupils’ assessments guide clinicians to detect neurologi-
cal deterioration that requires immediate treatment in
unresponsive patients. Moreover, pupillary indices are
used on admission as prognostic scores for long-term
prognosis in TBI coma patients.” *

In the USA alone, 1.7 million people suffer from TBI,
with a mortality rate of 3%’ and long-term neurological
sequelae that impact the quality of life.” About 10-15% of
acute TBI patients require management in the ICU’; and
an accurate long-term prognosis in the acute phase
remains a challenge.”
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admission).>> However, recent studies have highlighted
the potential importance of the dynamics of bio signals in
critically ill patients.” "' For instance, there is a correla-
tion between pupillary signals in the few hours preceding
a raise in intracranial pressure (ICP) and the severity of
increased ICP episodes and long-term outcome in
patients with severe TBL'?

To our knowledge, no previous study has tracked the
entire time course of pupil’s size and reactivity in TBI
coma patients from admission to discharge from the ICU
to assess its correlation with long-term outcome as com-
pared to a single evaluation on admission.

The aim of the present study was, therefore, to apply a
time-course analysis of pupillary signals in a group of
comatose TBI patients admitted and followed in the

Neuro-intensive care unit (Neuro-ICU) and relate
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variables. The two groups were not statistically different
in terms of clinical variables except for a higher preva-
lence of tSAH in the F group (Table 1).

Of the 21 patients initially included in the study, one
patient (patient 12) was then excluded from the pupillary
analysis due to the presence of post-traumatic optic nerve

injury.

Outcome

The GOSE was calculated at discharge and 6 months
(Fig. 1). The GOSE at 6 months was assessed by clinicians
during a follow-up visit or through a phone interview.
Outcome was dichotomized into favorable
(4 < GOSE < 8) versus unfavorable (1 < GOSE <4)
based on GOSE at 6 months, except for patient 2, for
which only the discharge’ GOSE was available.

Fifteen patients had a favorable outcome (patients 1, 4,
5 6, 7,8, 11, 12, 13, 14, 16, 17, 18, 19, 21) versus six
patients with an unfavorable outcome (patients 2, 3, 9,
10, 15, 20) (Fig. 1).

At discharge, all patients had GOSE < 4 except patient
13. GOSE improved at 6 months for all patients except
patient 15 and the three patients with brain death
(patients 3, 9, 10).

I Outcome data

E. Monai et al.

At 6 months in the F group, four patients had upper
good recovery, nine lower good recovery, one lower mod-
erate disability, one upper severe disability.

In the U group, three patients were in brain death
(patients 3, 9, 10) while patient 15 was in a persistent
vegetative state.

Pupils

Two pupils’ indices (i.e., size and photo-reactivity) were
manually assessed using a light pen every 2 h. The possi-
ble findings were as follows: (1) isochoric, (2) anisochoric
(>0.5 mm difference), (3) bilaterally myotic (<2 mm);
and, (4) bilaterally mydriatic (>5 mm) pupils, with the
light reflex present or absent (unilaterally or bilaterally).

Therefore, four different size abnormalities were con-
sidered for the analysis (left and right anisochoria, bilat-
eral miosis, and bilateral mydriasis). To account for the
time evolution of pupil size (PS) abnormalities, we
defined two variables: the PS-jump-rate and the PS-iso-
choria-percentage. The first index is the ratio between the
number of changes of pupil condition and the number of
measurements; the second index measured the percentage
of time points during which the pupil size was bilaterally
normal and symmetric (isochoria).
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Figure 1. Outcome of traumatic brain injury patients: (A) GOSE values at discharge (yellow) and at 6 months (green) are displayed for each
patient on the x axis. On the y axis, patients are ordered from the lowest to the highest GOSE at 6 months (1 = patient 3; 2 = patient 9;
3 = patient 10; 4 = patient 2; 5 = patient 15; 6 = patient 20; 7 = patient 14; 8-16 = patients 4, 5, 7, 8, 11, 12, 16, 17, 18; 17-21 = patients 1,
6, 14, 19, 21). (B) % of patients with favorable (fav = light blue) versus unfavorable outcome (unfav = dark blue) computed at 6 months.

GOSE = Glasgow Outcome Scale Extended.
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The values for pupillary light reflex were reported as
bilateral presence, bilateral absence, unilateral presence
(right or left). Thus, three levels of abnormality were con-
sidered. As for the pupils’ size information, we defined
two dynamical variables to describe photo-reactivity: first,
the ratio between the number of changes of photo-
reactivity condition and the number of measurements
(PR-jump rate); second, the percentage of time points
during which the photo-reactivity was normal (PR-pres-
ence-percentage).

These variables were first plotted for each patient for
the whole duration of the admission in the Neuro-ICU,
except for patient 12 who suffered an optic nerve injury
that prevented a normal pupillary assessment. Therefore,
the pupillary analysis was performed in 20 patients (14 F/
6 U).

The pupillary indices (PS-jump-rate, PS-isochoria-
percentage, PR-jump rate, and PR-presence percentage)
were independent variables in a repeated-measured (over
time) ANOVA testing for differences between F-outcome
and U-outcome patients during the sedation and post-
sedation period.

Next, given both pupils’ size and light reactivity tend
to stabilize after some days during sedation, we tested
whether these measures discriminate F- and U-outcome
patients using a different time interval from the first day
of the ICU stay. Specifically, we considered the four mea-
sures (PS-jumps rate, PS-isochoria-percentage, PR-jumps
rate, PR-presence-percentage) and evaluated them from 0
to 10 days after admission. For each number of days
(NDs), we first computed the point-biserial correlation of

Favorable outcome
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these measures with outcome (F vs. U); next, we esti-
mated a logistic regression model to predict the outcome
using these measures as predictors (one at a time, or
combined). At each ND, we selected the best model based
on three model scores, namely the model significance (p-
value), the Bayesian information criterion (BIC, the lower
the better), and the accuracy level, estimated as the per-
centage of correct outcome prediction using a leave-one-
out cross validation analysis.

Results

Time-course of pupillary indices and
outcome

Figure 2 shows that both pupillary size and photo-
reactivity indexes tend to stabilize over time in the F-
outcome group (e.g., patients 1, 5, 16). Instead, the U-
outcome group is characterized by a more variable tem-
poral trend (e.g., patients 3, 10, 20) or delayed partial
normalization (e.g., patients 2, 15).

Starting from these observations, we first tested
whether the evaluation of these indices, even when
patients are still under sedation, can be informative of
patients’ long-term outcome.

For each (PS-jumps-rate;
percentage; PR-jumps-rate; PR-presence-percentage) a
repeated-measures ANOVA with pre and post sedation
periods as within factor, and outcome (F- vs. U-) as
between factor was run (Fig. 3). For the PS-isochoria-

index PS-isochoria-

percentage measure there was no difference between pre-
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Figure 2. Time course of pupillary size and reactivity index. Time course of pupillary size and reactivity index (PS-jumps-rate; PS-isochoria-
percentage; PR-jumps-rate; PR-presence-percentage) are plotted for each patient in the two outcome groups for the entire length of stay in the
Neuro-intensive care unit (number of days on the x axis). The black vertical lines indicate the stop of sedation. PR, photo-reactivity; PS, pupil size.
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Figure 3. Average pupillary measures pre and post sedation. Average values of pupillary size and photo-reactivity indexes for each patient,
during sedation (PRE) and after sedation ends (POST). Favorable (F) and Unfavorable (U) outcomes are color-coded, respectively, in green and red.

PR, photo-reactivity; PS, pupil size.

and post-sedation, nor an interaction with outcome.
However, there was a highly significant difference between
outcome groups (F = 129.383, p < 0.001). Patients with
F-outcome showed longer periods of isochoric pupils.
Importantly, this result is still significant when only the
data under sedation is considered (F = 62.691,
p < 0.001); this result indicates that this measure can dis-
criminate F versus U-outcome patients already during the
first days of admission despite the presence of sedation.

A similar behavior was observed for PS- and PR-jump
rate, where a significant interaction of period (pre- post-
sedation) and outcome (F vs. U) was found (PS-jump:
F=17.959, p < 0.001); PR-jump: F = 9.101, p = 0.007).
There were also significant main factors for both period

and outcome (PS-jump: pre > post: F = 22.526,
p <0001, F<U: F=24064, p<0.001; PR-jump:
pre > post: F =10.339, p=0.005, F<U: F=09.109,

p = 0.007). These analyses indicate two main results.
First, these indices stabilize after the end of sedation with
a decreased variability. Second, this variability is signifi-
cantly less for patients with F-outcome. Importantly, from

a post-hoc analysis, both jump-rate indexes indicated a
significant difference between outcomes during sedation
(PS: Upre > Fpre: t = 6.478, p < 0.001; PR: Upre > Fpre:
t = 4.268, p < 0.001). On the contrary, after sedation this
difference was not any longer significant since both mea-
sures stabilize. Indeed, we observed a significant difference
between pre and post sedation end only for the U group
(PS: Upre > Upost: t = 5.369, p <0.001; PR: Upre >
Upost: t = 3.688, p = 0.009).

Finally, with regard to the PR-presence-percentage
measure, there was both a significant period x outcome
interaction (F = 6.427, p = 0.02) and significant main
effects  (pre > post: F=6.086, p=0.023; F>U:
F = 4.664, p = 0.044). The post-hoc analysis showed that
the interaction reflects a significant reduction of PR-pres-
ence-percentage in the U group (Upre > Upost: ¢ = 2.959,
p = 0.48). All post-hoc p-values reported are Bonferroni
corrected for six multiple comparisons.

Given our pupillary size and photo-reactivity indexes
discriminated between favorable and unfavorable out-
comes in the course of sedation, we focused on the first

1858 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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day of the ICU stay to examine the optimal number of Figure 4A shows a point-biserial correlation analysis
days to ascertain a significant prediction of outcome at  between outcome and each of the four indexes. PS-iso-
6 months. choria-percentage and PR-presence-percentage showed a

(A) Point biserial correlation with outcome

1 T T T T T T
0.5 J
0 @ PS-isocoria-percentage PS-jumps rate

@ PR-presence-percentage @ PR-jumps rate
-0.5 .
_1 | 1 1 1 1 1
0 2 4 G 3 10
# days

(B) Logistic regression models

Model BIC Model Accuracy Model Significance

1P (A)

1P (B)
1P(C)

1P (D)

2P (A+B)
2P (A+C)
2P (A+D)
2P (B+C)
2P (B+D)
2P (D+C)
3P (A+B+C)
3P (A+B+D)
3P (A+C+D)
3P (B+C+D)
4P (A+B+C+D)

| — ] Models legend:
BIC o 7 14 21 28 35 . X 3
A: PS-isocoria B: PS-jumpsrate
Accuracy 65 72 I 8 s 100 C: PR-presence rate D: PR-jumpsrate
Significance (p-value) 1.0 0.8 0.6 0.4 0.2 <0.0001

Figure 4. (A) Correlation between pupillary indices and outcome. Point biserial correlation between the outcome (Favorable vs. Unfavorable) and
each index (PS-jumps-rate; PS-isochoria-percentage; PR-jumps-rate; PR-presence-percentage) during the first 10 days of stay in the Neuro-intensive
care unit (x axis). Filled dots indicate significant correlation values. (B) Prediction models: Results of the model selection analysis, where the
outcome is considered as the dependent variable and all possible combination of the four indexes (A-D) are used as predictors. Left = Model
Bayesian information criterion (the lower the better); Middle = Model accuracy (the higher the better); Right = Model significance (1 - p-value,
the larger the better). PR, photo-reactivity; PS, pupil size.
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Figure 5. ROC curve and AUC analysis. Top panel: ROC curve for PS-isochoria logistic regression model for Day 0, Day 1, and Day 3. Bottom
panel: AUC score for the full days considered using PS-isochoria as predictor outcome in the logistic regression.

significant correlation with outcome since Day 1. Corre-
spondingly, both PS- and PR-jump-rate indexes are sig-
nificantly negatively correlated with outcome starting on
Days 1-2. The PS-isochoria-percentage—the index with
the highest absolute correlation value—increases up to 5—
6 days then it stabilizes.

From a model selection analysis run among all possible
predictor combinations and based on three performance
indexes, namely model significance (p-value), model BIC,
and model accuracy (evaluated through a leave-one—one
cross-validation analysis) (Fig. 4B), we discovered that the
PS-isochoria-percentage index was the best measure in pre-
dicting the long-term outcome in terms of BIC (13.56) and
accuracy (95) when measured alone for the first 5 days. At
Day 5, the model showed a significant p-value (<0.05) when
the PS-isochoria-percentage was combined with the other
pupillary indices (i.e., all possible predictors were consid-
ered together) (Fig. 4B and Table S1).

Finally, a post-hoc analysis was performed to investi-
gate ROC and AUC scores using the first model (PS-
isochoria), considering its best results in terms of

1860

accuracy, BIC, and significance. As observed in Figure 5,
this analysis showed great accuracy in discriminating
between favorable and unfavorable outcomes already
after 3 days and after 5 days, with a high level of
stability.

Discussion

Pupils’ size and reactivity are part of the clinical evalua-
tion of coma patients." They can provide early detection
of neuro-worsening and life-threatening events (e.g., raise
in ICP, transtentorial erniation) at the bedside of
unresponsive/non-communicative  patients. Moreover,
pupillary indices (mainly photo-reactivity) on admission,
together with other clinical data such as the GCS, are part
of the predictive scores used in acute TBI coma patients
to estimate long-term outcome.” * However, long-term
prediction of outcome remains a highly relevant and clin-
ically important issue.”

There has been recent interest in the dynamics of phys-
iological patterns and variations over time of bio signals

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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in complex biological systems, with possible applications
also in critically ill patients.®"!

In the present study, we were interested in applying
this novel time-based perspective for tracking pupillary
dynamics (size, reactivity, and their changes over time)
over an extended period of time in the ICU to determine
if these pupillary dynamic measures predicted long-term
outcome in a group of acute TBI coma patients.

The main finding is that pupillary indices over time are
informative in discriminating patients with favorable ver-
sus unfavorable outcomes in the first days in the Neuro-
ICU even under sedation condition.

In the first 10 days of ICU stay, patients with favorable
outcome had more isochoric and photo-reactive pupils,
and these features were consistent and stable over time.
On the contrary, patients with an unfavorable outcome
had more variable measures that tended to stabilize over
time toward pathological values (Fig. 2).

Moreover, in a model selection analysis, PS-isochoria-
percentage if measured for at least 5 days after the
Neuro-ICU admission, was the most accurate in discrimi-
nating between outcomes when measured alone (BIC and
accuracy) or in combination with other pupillary indices
(p-value) (Fig. 4).

Thus, the present study highlights the value of tracking
pupillary indices over time in acute TBI coma patients to
capture predictive information for outcome.®

In our cohort, all measures in the first few days were
correlated with long-term outcome, but the highest corre-
lation value was reached overall around 5-6 days after
ICU-admission. In addition, in our cohort, the pupillary
size over time was found to be the most powerful predic-
tor long-term outcome.

We suggest that tracking pupillary indices (both in terms
of reactivity and size) not only for neuro-monitoring but
also for long-term prediction is a promising and feasible
application, especially considering the availability in the
ICU of tools such as automated pupillometry that can pro-
vide quantitative and objective measures.'>

This technique allows for more accurate measures,
especially for the pupillary light reflex, which in our study
may have been limited by manual and dichotomized
evaluation."*

To-date, we are aware of one study looking at time-
dependent trends of pupillary indices in TBI coma patients
for correlation with episodes of raised ICP and the cumula-
tive burden of such abnormalities on long-term outcome.'?
In our study, we did not correlate pupillary signals with
ICP values'® since the neuro-invasive monitoring was not
required for all patients. To our knowledge, this is the first
study that, first, tracks the dynamics of pupillary signals
during the entire ICU stay of a group of acute TBI coma
patients and, second, links these patterns with long-term

Pupils Dynamics and Outcome of Coma Patients

outcome, specifically the determination of the optimal time
window of observation.

The study has several limitations. We cannot exclude
the effects of medications on pupillary measures. How-
ever, there is still no robust data about the specific effects
of medications on pupillary measures in ICU patients'”"”
Benzodiazepines can reduce the velocity of pupillary con-
striction, and catecholamines can increase the amplitude
of the constriction.”® Propofol in isolation has been
reported to reduce the pupil’s diameter, though the
impact on pupillary measures in the presence of other
medications is still under investigation."’

Indeed, the overall treatment effects on pupillary mea-
sures are challenged by the simultaneous exposure to dif-
ferent medications, as is typical of ICU patients.

Nevertheless, in our cohort, we still observed significant
differences in pupillary dynamics between outcome groups
during a time window when these multiple medications
were present and were known to affect the GCS evaluation.

Notably, the two groups were not statistically different
in terms of clinical variables except for the higher preva-
lence of tSAH in the F group (Table 1).

Finally, our study is limited by a relatively small sample
size and should thus be considered preliminary. However,
the study is based on repeated within-subject measures
(an average of 191 data points per subject for each pupil-
lary index) that provide a sensitive statistical design. Our
findings are robust, showing the clinical relevance of
dynamical pupillary measures for prognostication of out-
come in TBI coma patients.*

Future studies with larger cohorts are needed and may
consider taking into account a multi-organ dynamic anal-
ysis (e.g., brain, body signals)’ '"*' to catch the multi-
scale complexity of bio signals’ interactions and their
potential value for clinical prognosis and response to
therapy.

Conclusions

Time-dependent tracking of pupillary dynamics is a
promising application for ICU monitoring and long-term
prognosis in acute TBI coma patients.
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